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Unilateral Shwartzman reaction: Cortical necrosis in one kidney
following in vivo perfusionwith endotoxin. Unilateral renal cortical
necrosis was selectively induced by in situ perfusion of the rabbit
kidney with a perfusate containing 50 .sg of endotoxin followed by
the iv. administration of 250 g of endotoxin 24 hr later. The
results strongly support the idea that the initial event in the genesis
of renal cortical necrosis during the Shwartzman reaction is a
specific local effect of endotoxin on the vascular endothelium.
Reaction de Shwartzman unilatérale: Nécrose corticale d'un rein
consecutive a Ia perfusion in vivo d'endotoxine. Une nécrose corti-
cale unilatérale a été déterminée électivement par Ia perfusion in
situ du rein de rat au moyen d'un perfusat contenant 50 sg
d'endotoxine suivie par l'administration par voie i.v. de 250 sg
d'endotoxine 24 heures plus tard. Les résultats sont fortement en
faveur de l'idée que le phénomène initial dans Ia genèse de Ia
nécrose corticale au cours de Ia reaction de Shwartzman est un
effet local specifique de l'endotoxine sur l'endothéliuni vasculaire.
Bilateral cortical necrosis of the kidneys is the hall-
mark of the generalized Shwartzman reaction (GSR),
a phenomenon that follows the second of two sequen-
tial injections of endotoxin given 24 hr apart [1].
Disseminated intravascular coagulation is thought to
be the mechanism underlying the deposition of fibrin
in glomerular capillaries [2]. Intravascular coagu-
lation, however, is the end result of a series of com-
plicated biological responses triggered by the injec-
tion of endotoxin. Experimental evidence indicates
that endotoxin is able to induce multiple effects, in-
cluding interaction with a precursor and activation of
Hageman factor, formation of a complex with Hage-
man factor and activation of pre-kallikrein, aggre-
gation of platelets and release of platelet factor 3,
interference with the reticuloendotnelial system, ac-
tivation of the complement system, inhibition of
fibrinolysis, aggregation of leukocytes and damage to
the endothelium [2-4]. The process by which the
initial dose of endotoxin prepares for the deposition
of fibrin, however, has been controversial.
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The experiments reported herein demonstrate that
the initial dose of endotoxin may prepare for the
subsequent development of renal cortical necrosis by
a direct effect on the renal vasculature.
Methods
Albino rabbits (Bio-Lab Corp., St. Paul, MN),
weighing 2 kg each, were used. The animals were
placed on a heated pad kept at 25°C and anesthetized
with halothane. All surgical procedures were per-
formed utilizing careful aseptic techniques. The ab-
domen and groin were shaved and the skin cleansed
with surgical soap and providone-iodine. The fem-
oral artery and vein were dissected and each cath-
eterized with sterile polyethylene catheters (In-
tramedic, PE-90, Clay Adams Co., Parsippany, NJ)
which were inserted into the vessel up to the level of
the renal artery and vein, respectively. The abdomen
was then opened by means of a midline incision, the
catheters guided into the left renal artery and vein
and secured in place by means of ties, avoiding dam-
age to the nerves of the hilum. The arterial catheter
was connected to an infusion pump (Harvard Appa-
ratus Co., model #795, Dover, MA), and a slow
infusion (2 ml/min) of the basic perfusate was begun.
This consisted of 0.145 M sodium chloride, containing
0.2 M glucose [5]. The venous effluent was allowed to
drain by gravity to a reservoir.
Experimental design. Three groups of six animals
were studied (Table 1). Group A. The left kidney was
perfused free of blood with 60 ml of the basic per-
fusate (S1). The initial perfusion was immediately
followed by 15 ml of perfusate to which 1 ml of 2%
procaine solution and 50 tg of endotoxin (S2E) (E.
co/i endotoxin, Bacto lipopolysaccharide W, E. co/i
026:36, batch 586754, Difco Laboratories, Detroit,
MI) were added. Upon completion of this perfusion,
30 ml of perfusate (S3) followed. All perfusates were
kept at 4°C. The duration of the perfusion was ap-
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Table 1. Experimental design and histologic findings
No. of kidneys with
necrosis and
Group
No. of
animals
Renal perfusion" Endotoxin iv. (250 tg) or
saline 24 hr
after perfusion
vascular fibrin deposition
at time of deathKidney Sequence
A 6 Left S,-S2E-S3
Right —
Endotoxin 6"
0
B 6 Left S,-S2-S3
Right —
Endotoxin I
0
C 6 Left S,-S2E-S3
Right —
Saline 0
0
The left kidney was perfused sequentially with 0.145 M sodium chloride in 0.2 M glucose; S, (60 ml), S2 (15 ml), S, (30 ml).
In Groups A and C, 50 ig of endotoxin (E) was added to S2. The right kidney was not perfused. See Experimental design in Method's
section for definition of S,. S3, and S3.
b Cortical necrosis was diffuse in four kidneys and focal in two.
proximately 45 mm. The catheters were then removed
and the blood flow reestablished; the femoral artery
and vein were ligated. The animals were kept on the
operating table until aroused and were then trans-
ferred to cages in a room kept at 22°C. Approxi-
mately 100 ml of isotonic saline with 5% dextrose was
infused into the ear vein over the next four to six
hours. Twenty-four hours later, 250 tg of endotoxin
in 2 ml of isotonic saline was injected i.v. The animals
were killed four to eight hours after this injection.
Group B. The protocol followed in this group of
animals was exactly the same as in Group A except
that no endotoxin was added to S2.
Group C. The protocol followed in this group of
animals was identical to Group A except that the i.v.
injection of endotoxin was replaced by 2 ml of iso-
tonic saline.
In addition, in a separate group of six animals, the
distribution of radioactive labeled endotoxin follow-
ing perfusion was studied. Labeling of endotoxin
with chromium chloride-5 I ("'CrC13) (Radiochemical
Centre, Amersham, England) was performed accord-
ing to methods previously described [6]. The specific
activity of the freshly labeled endotoxin was 3.96 X
1 04 counts/min/zg of endotoxin. Radioactivity of the
samples was determined with a gamma counter
(Beckman Instruments, model #690400). The pro-
tocol followed in this group of animals was the same
as that described for Group A: 50 tg of 51CrCl3
endotoxin was used in the perfusate (S2E). In addi-
tion, the left ureter was cannulated with sterile poly-
ethylene tubing, and the urine formed during the
procedure was collected. At the completion of the
perfusion with S3, the left renal artery and vein were
clamped and the animals exsanguinated by cardiac
puncture. The right and left kidneys, liver, lungs, and
spleen were then removed and minced, blotted dry,
and weighed. Once the total radioactivity of the
whole organs, blood, urine, polyethylene tubing, and
venous effluents of S2E and S3 were determined, the
percent of distribution of the "1CrCl3 endotoxin was
calculated based upon the total amount initially in-
fused.
Biopsy and histology. From each kidney, prior to
the initial perfusion, cortical tissue was obtained with
a no. 11 scalpel blade. A second biopsy was obtained
from the left kidneys only, after completion of S3—5
to 10 mm after reestablishment of blood flow. Four
to eight hours after the i.v, dose of endotoxin, the
animals were killed, and biopsies of both kidneys
were obtained. Renal tissue was fixed in buffered
formalin, and paraffin-embedded sections were
stained for light microscopy with hematoxylin-eosin
and phosphotungstic acid-hematoxylin (PTAH). The
remainder of the tissue was frozen in isopentane pre-
chilled in liquid nitrogen, sectioned at four microns,
and processed for immunofluorescent microscopy ac-
cording to methods previously described [7]. Fluores-
cein isothiocyanate labeled goat antisera to rabbit
IgG, 1gM, fibrin, and C3 were used [8].
Results
Tissue obtained from both kidneys prior to per-
fusion of the left kidney was normal by light and
immunofluorescent microscopy in all 18 animals.
The tissue obtained from the left kidney after reestab-
lishment of blood flow showed minor changes limited
to the tubules; focal areas of vacuolization of the
proximal tubules could be seen, but the tubular struc-
tures were intact. The glomeruli appeared normal
(Fig. la). By immunofluorescent microscopy, no evi-
dence of fibrin deposition in the vascular structures
was observed (Fig. lb).
Group A. Renal tissue obtained at the time of
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death, four to eight hours after systemic administra-
tion of endotoxin, revealed the presence of cortical
necrosis in all six endotoxin-perfused left kidneys
(Table I). Light microscopy revealed that the gb-
merular capillary loops and many arterioles con-
tained an eosinophilic material that stained blue with
PTAH stain (Fig. Ic). The interstitium was focally
edematous. The tubules showed extensive and severe
acute degenerative changes or necrosis of the epithe-
hal cells. Focal areas of polymorphonuclear leu-
kocyte infiltration were also observed. This process
involved the entire cortex in four kidneys. In two
kidneys, these changes had a focal distribution; the
necrotic areas were demarcated by bands of poly-
Fig. 1. Light (leji) and imniunofluorescent (right) ,nicrographs of kidneysfrom a rabbit in Group A. Ten minutes after reestablishment of blood
flow: a) hematoxylin-eosin (H&E) staining of the left kidney shows normal renal morphology (original magnification. X 250): b) same kidney
as in a, stained with goat antirabbit fibrin (GARF). shows no glomerular deposition of fibrin. Following sacrifices: c) PTAH staining of the
left kidney shows thrombosis of glomerular capillary loops and lumen of arterioles—the tubular epithelial cells are necrotic (original magnifica-
tion, X 325): d) same kidney as in c, stained with GARF, shows deposition of fibrin in glomerular capillary loops and atlerent arterioles of
two glomeruli (original magnification, X 300); e) H&E staining of the right kidney shows a normal glomerulus (original magnification. X
300): and f) same kidney as in e, stained with GARF, shows no glomerular deposition of fibrin (original magnification. X 300).
Jh1
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morphonuclear leukocytes and were surrounded by
areas of normal tissue.
Immunofluorescent studies revealed intraluminal
and subendothelial deposition of fibrin in glomerular
capillary loops and in many arterioles (Fig. Id). In
agreement with the light microscopic findings, these
changes were diffuse in four kidneys and focal in two.
The right kidney was normal by light and immu-
nofluorescent microscopy without demonstrable
fibrin deposition (Fig. 1, e and f).
Group B. Five out of six perfused kidneys were
normal by light and immunofluorescent microscopy.
In one animal, focal cortical necrosis was observed
and im munofluorescent studies revealed deposition
of fibrin, The right kidneys were normal in all six
animals.
Group C. Tissue obtained at the time of death did
not reveal evidence of cortical necrosis in either the
perfused or the control kidneys of this group.
In Groups A and B, minimal to moderate amounts
of 1gM and C3, but not IgG, were detected by immuno-
fluorescent microscopy in all glomeruli that showed
fibrin deposition.
The percent of distribution of radioactivity follow-
ing perfusion of the left kidneys of six rabbits with 50
tg of 51CrCl3 endotoxin is noted in Table 2. The
venous effluent perfusate and the left kidney ac-
counted for over 95% of the administered endotoxin.
Neither the right kidney nor blood samples contained
significant amounts of radioactivity.
Discussion
The mechanism by which glomerular capillary
thrombosis develops during the generalized Shwartz-
man reaction (GSR) has been controversial. While
Table 2. The percent of distribution of radioactivity in six
rabbits following perfusion of the left kidney with
50 jg of 5CrCl3 endotoxin
Sample
Percent of 51CrCl3
endotoxin recovered
(mean SEM)
Venous effluent of perfusate(S2E and S3) 87.8 0.36
Left kidney (perfused) 7.4 0.31
Right kidney (nonperfuseda) 0.02 + 0.02
Liver 1.03 0,37
Lung 0.38 0.11
Spleen 0.07 + 0.047
8100db 0.17 0.11
Urine from left ureter 1.5 + 0.20
Residual in venous,
arterial, and ureteral catheters 0.44 + 0.18
Total percent recovered 98.8 + 0.41
a Radioactivity was not detected in the unperfused kidneys
4 of 6 rabbits.
b Based on blood volume estimates of 150 ml. Radioactivity was
not detected in 3 of 6 rabbits.
in
some investigators have considered the fibrin deposi-
tion as embolic in nature [9], others believe that it is
secondary to a vascular lesion; the thrombi would
form in situ in areas of endothelial damage [10, 11].
The data presented in this report support the hypoth-
esis that local exposure of the renal vasculature to
endotoxin is a precursor of glomerular deposition
of fibrin during the GSR, a mechanism suggested
by Shwartzman 40 years ago [12]. The selective in-
duction of unilateral cortical necrosis in the endo-
toxin perfused kidneys not only stresses the impor-
tance of local injury but also establishes the specific
participation of endotoxin in triggering the phenome-
non. Five out of six kidneys perfused with endotoxin-
free saline (Group B) did not develop cortical necro-
sis after the second or provocative dose of endotoxin,
indicating that perfusion per se did not play a role in
preparing the kidneys for the development of gb-
merular capillary thrombosis.
As expected, when the second dose of endotoxin
was withheld (Group C), development of cortical
necrosis was not observed, nor was intraglomerular
fibrin detected by light or immunofluorescent micros-
copy. Even in the absence of fibrin deposition, how-
ever, loss of cortical fibrinolytic activity has been
demonstrated in kidneys of rabbits receiving one sys-
temic dose of endotoxin [4]. It was speculated that
inactivation of plasminogen activator could be a con-
sequence of the endothelial injury induced by endo-
toxin. The loss of renal cortical fibrinolytic activity
would then impair the removal of fibrin deposited
after the second dose of endotoxin.
Shortly after the injection of one dose of endo-
toxin, endothelial lesions and circulating endothelial
cells have been demonstrated by Gaynor, De Bou-
vier, and Spaet [11]. A direct action of endotoxin on
the endothelium was suggested since the phenome-
non occurred in heparinized animals in the absence of
fibrin deposition. In our experimental protocol, the
endotoxin containing perfusate was immediately fol-
lowed by endotoxin-free saline in order to prevent the
systemic access of endotoxin after the reestablish-
ment of blood flow. The effectivness of this procedure
was shown by the virtual absence of 51CrCl3 endo-
toxin from sites other than the perfused kidney and
by the fact that the nonperfused kidneys did not
develop cortical necrosis following the second injec-
tion of endotoxin. It is possible that some endotoxin
could lose radiolabel upon infusion. The low recov-
ery of radioactivity in the urine of the perfused kid-
ney, however, is against the possibility of significant
release of free 51CrCl3 during the perfusion pro-
cedure.
The detection of 1gM and C3 by immunofluores-
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cent microscopy in rabbits with GSR has been pre-
viously reported [8]. It is still unclear whether the
presence of these proteins is due to their nonspecific
entrapment in the fibrin thrombi or due to their par-
ticipation in the pathogenesis of this phenomenon.
Our failure to detect 1gM and C3 following one dose
of endotoxin (by perfusion or systemic administra-
tion) would suggest that they do not participate in the
initial events that lead to glomerular thrombosis.
Furthermore, it has been shown that the coagulative
effects of endotoxin can occur in animals previously
depleted of C3 [13] or congenitally deficient of C6
[14].
The results of our experiment are compatible with
the hypothesis that endotoxin mediates its action at
least in part through a local mechanism in which
fixation of endotoxin to the endothelial surface may
play an important role. Endotoxin attaches to ovine
erythrocyte membranes in vitro [15] and to the vascu-
lar walls of dogs in vivo [16]. In addition, it has also
been shown to attach and disrupt lipid bilayer mem-
branes which have many properties common to cell
membranes [17]. A similar phenomenon may be op-
erative in vivo during the interaction of endotoxin
with biological membranes. After local injury is in-
duced, the deposition of fibrin in the glomerular cap-
illaries following the second dose of endotoxin may
result from the participation of any or all of the
biological responses that endotoxin is known to me-
diate [2—4]. A specific local effect of endotoxin on the
vascular endothelium as a sufficient initial event in
the genesis of renal cortical necrosis during the GSR
is strongly supported by the results obtained with our
experimental model.
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